A simple gas-liquid diaphragm discharge reactor was designed and characteristics of the discharge and its application on decolorization of brilliant red B in an aqueous solution were investigated. The results showed that strong oxidizing agents such as ·OH and ·O radicals were generated. Average electron temperature of the discharge was 0.72 eV, 1.15 eV and 0.83 eV with air, oxygen and argon as the discharge gas, respectively. Solution pH and conductivity changed little when oxygen or argon was used as the discharge gas; however, these two parameters changed significantly when the discharge was performed in air. During the discharge treatment, the characteristic absorption peaks of brilliant red B gradually decreased where the decolorization followed the first-order kinetics. With 10 min of discharge, the decolorization of brilliant red B (30 mg L −1 ) can reach 96%, 81% and 62% in the cases of oxygen, argon and air, respectively. The analysis of by-products showed that the brilliant red B molecule can be effectively destroyed in this discharge mode.
Introduction
Recently, electrical discharges at atmospheric pressure have been extensively investigated for water and wastewater treatment [1] [2] [3] . The discharges can be formed directly in the liquid phase [4] , in the gas phase over the liquid surface [5] [6] [7] [8] [9] or in the gas-liquid hybrid-phase [10] [11] [12] .
Compared with the discharge in liquid-phase or that in gas phase over the liquid surface, gas-liquid hybrid-phase discharge offers the advantages of easier plasma formation and better dispersion of the reactive species in the solution, and as a result, higher energy efficiency in pollutant removal [1, 12] . Zhang et al [11] studied the 4-chlorophenol degradation using a pulsed high voltage gas-liquid hybrid discharge reactor, which generates gas-phase discharge above the water surface simultaneously with the spark discharge directly in the liquid.
Miichi et al [12] investigated the efficient decolorization of an indigo dye in a hybrid-phase discharge reactor where the plasma-forming gas was bubbled through the bottom between two metallic electrodes. Atomic oxygen (·O), hydroxyl radicals (·OH), ozone (O 3 ), and hydrogen peroxide (H 2 O 2 ) were formed when oxygen (O 2 ) was used as the bubbling gas.
Previous gas-liquid hybrid discharge reactor usually utilizes pulsed power source and complex electrode system to form the discharge, which limits its industrial applications. In this work, a simple gas-liquid diaphragm discharge reactor is designed, where the discharge occurs as the plasma-forming gas passes through a pinhole in a quartz tube into the liquid, with a simple alternating current (AC) power source and reactor. Its electrical and spectral characteristics in pure water with air, O 2 or argon (Ar) as the discharge gas were explored. At present, treatment of dyeing wastewater has become an urgent issue in industrial countries. Dyeing wastewater cannot be treated well by biological processes [13] . Dicolorations of dyes by glow discharge [6] and pulsed corona discharge [14] have been investigated. In this study, decolorization of brilliant red B, one typical azo synthetic dye [15] , was evaluated in the present reactor, because of its simple reactor and power source. The molecular structure of brilliant red B is shown in figure 1. Figure 2 shows the schematic diagram of the experimental setup, which consisted of a pulse-width modulated AC high voltage power source (DWO-300W, Tianjin, China) and an atmospheric-pressure gas-liquid diaphragm discharge reactor. Frequency of the power source is 7.9 kHz and the peak voltage is about 2.8 kV. The discharge reactor was a gas feeding quartz tube (inner diameter: 7.8 mm, thickness: 1.1 mm) set vertically in the central region of a cylindrical quartz glass vessel (inner diameter: 60.0 mm, high: 110.0 mm) where a rod metal copper electrode (diameter: 6.0 mm, length: 150.0 mm) was set inside the gas feeding quartz tube to which the AC high voltage was connected. A small hole with a diameter of 0.6 mm on the gas feeding quartz tube wall served for the production of plasma. Ambient air, pure O 2 or pure Ar was supplied to the discharge reactor through the gas inlet on the upper part of the quartz tube to generate the plasma. The volume of aqueous solution was 150 mL and the aqueous solution itself served as the ground electrode. The voltage and current applied to the electric discharge reactor was recorded by an oscilloscope (TDS2024B, Tektronix) with a 1000:1 high voltage probe (P6015A, Tektronix) and a current probe (2878, Pearson Electronics).
Experimental apparatus and methods
Radicals produced from the discharge were detected by an optical emission spectrometer (PMA-11(C7473-36 type), Hamamatsu Photonics [16]). Solution pH and conductivity were measured using a pH meter and a digital conductivity meter, respectively. Decolorization of the dye was monitored by a UV-Visible spectrophotometer (Beijing Purkinje General Instrument Co., Ltd) and the absorbance at 524 nm was used to calculate decolorization percentage 'η',
where C 0 (or A 0 ) and C t (or A t ) refer to the initial concentration (or absorbance at 524 nm) and the concentration (or absorbance at 524 nm) at discharge time t, respectively. H 2 O 2 formed during the discharge was quantified photometrically at 410 nm [17] , which involves the quantification of the yellow color pertitanic acid formed when H 2 O 2 reacts with titanium sulfate: 
The concentration of total organic carbon (TOC) was determined by a TOC analyzer (TOC-VCPH, Shimadzu). Ionic byproducts resulting from the decolorization were determined by ion chromatography (IC, ICS-1100) coupled with an Ion Pac AG-23 column. An aqueous solution of dilute KOH was used as the mobile phase, with a flow rate of 0.8 mL min . In addition, Gas Chromatography-Mass Spectrometry (GC-MS) was also used to identify the intermediate byproducts. Each measurement was repeated three times and the mean value was adopted with the standard deviation as the error bar.
Results and discussion

Discharge characteristics
Typical photograph of the discharge is presented in figure 3 . The experimental conditions are as follows: peak voltage, 2.8 kV; solution volume, 150 mL; conductivity, 4.0 μS cm −1 ; discharge gas, air.
As seen from figure 3, the plasma channels propagate from the small hole and dip into the bulk solution, which greatly increased the discharge area of localized discharge under the action of flows of the discharge gas [6] . Figure 4 shows the typical waveforms of applied voltage and discharge current in pure water under different discharge gases.
As shown in figure 4 , the voltage waveforms are similar to each other for the cases of air and O 2 , except that the magnitude of the peak discharge current in the case of O 2 (164 mA) was lower than that of air (176 mA). The phenomena can be explained that O 2 is an electronegative gas and free electrons are easily captured by it, forming negative ions. The formed negative ions can no longer contribute to the avalanche process. As a result, the discharge current was higher in the case of air than in O 2 under the same peak voltage, as air has less O 2 [18] . The voltage waveform in the case of Ar is much different from that of air or O 2 as the adjacent platform prior to the peak disappeared. It should be noted that the waveforms of voltage and discharge current are always much complex than explained above because they are not only dependent on the discharge gas but also on the resistance, inductance and capacitance of the whole circuit [19] . Figure 4 also show that the discharge currents for the three cases were all smooth and no micro-discharge pulses were observed, which are different from those observed in gas-liquid dielectric barrier discharge [20] , indicating that there is no obvious DBD in the present reactor. Figure 5 show the emission spectrum under air, O 2 and Ar, respectively. As shown in figure 5 , the emission peak of Hα (656.3 nm) was observed in all types of discharge gases. Apparently, Hα is originated from the decomposition of H 2 O [21] . In figures 5(b) and (c), ·OH radicals with strong intensity at 308.9 nm (A 2 Σ + (ν=0)→X 2 Π (ν=0)) were observed when O 2 or Ar was used as discharge gas. When air acts as the discharge gas, the ·OH emission was overlapped by the second positive system of N 2 (C 3 Π u →B 3 Π g ) [22] . Similarly, emissions of ·O (777.4 nm (3p S) and 926.2 nm (3d→3p)) were overlapped by the Ar I bands in the case of Ar. The emissions of ·OH and ·O are strongest when O 2 was used as the discharge gas, meaning that some ·OH and ·O are formed from the decomposition of O 2 . These reactive radicals are expected to induce the organic degradation.
Spectral characteristics
As shown above, type of discharge gas strongly influences the formation of the active species. Electron temperature (T e ) is an important physical parameter in illustrating the characteristics of plasma. As the pressure inside the present reactor is atmospheric, local thermodynamic equilibrium can be easily established. Therefore, T e was calculated by comparing of the emission intensities of ·O (777.4 nm) and ·O (844.6 nm) for air or O 2 , and those of Ar I (794.8 nm) and Ar I (801.5 nm) for Ar, when the electrons are assumed to have the Boltzmann distribution [22, 23] ,
where T e refers to electron temperature, and E 1 , E 2 , A 1 , A 2 , I 1 , I 2 , g 1 , g 2 , λ 1 , λ 2 and k refers to excitation energy, transition probability, optical emission intensity, statistical weight, wavelength of spectral line 1 and line 2 of the same element figure 6 , as H 2 O 2 is considered to be an indicator of ·OH formation in low-temperature plasma in aqueous solution [6] .
As show in figure 6 , concentration of H 2 O 2 increased with discharge time for all the three cases. H 2 O 2 concentration in the case of O 2 is higher than that in the case of Ar or air. After 10 min of discharge, it can reach up to 85 mg L −1 . It is expected that the additional reactions occurred in the case of O 2 [25] : Figure 7 shows the conductivity and the pH of the treated water with 10 min of discharge treatment. Figure 7 shows that the solution conductivity increased while the pH decreased after the discharge treatment, especially in the case of air. The reason may be explained by the fact that nitric acid were formed in the solution during the discharge in the case of air [26, 27] + ⋅ +  + ( ) Figure 5 . Emission spectrum of the gas-liquid diaphragm discharge in the case of air (a), O 2 (b) and Ar (c) (peak voltage, 2.8 kV; frequency, 7.9 kHz; gas flow rate, 0.4 SLM; initial conductivity, 4.0 μS cm −1 ; pH 0 , 6.8; solution volume, 150 mL). ; pH 0 , 6.8; solution volume, 150 mL).
Variations of conductivity and pH
Decolorization of brilliant red B
Evolutions of UV-visible absorption spectra during the discharge treatment were recorded. Variation of the UV-visible spectra using O 2 discharge was shown in figure 8 . The spectrum of untreated brilliant red B solution shows two absorption bands in the visible region: 524 nm (π-π * ) and 552 nm (n-π * ), ascribed to the resonance absorption of the conjugated system of the azo bond (-N=N-) [28] . After the discharge treatment, the absorbance of the brilliant red B solution showed an abrupt decrease in the visible region, indicating the azo bond was destroyed, which was verified by the fact that the solution became colorless after 8-10 min treatment (insect in figure 8) . Figure 9 shows the concentration variations of both the dye and TOC during the discharge treatment.
It can be shown in figure 9 that both the concentration of the dye and TOC decreased monotonically with increasing discharge time, also with the order of O 2 >Ar>air. However, the percentage of TOC declined less rapidly than that of the dye, suggesting that some organic compounds were formed in the course of the discharge.
As decolorization looks exponential, the data were fitted to the following equation:
where C 0 , C t , k 1 and t refers to initial concentration, concentration at discharge time t, apparent first-order rate constant and discharge time, respectively. The kinetic parameters of brilliant red B decolorization under different conditions were shown in table 2. It can be observed from table 2 that a straight line with good correlation was obtained for each case, especially for the case of air. The square regression coefficients R 2 were all close to 1 suggests that the decolorization follows the first-order kinetics.
In order to better clarify the process, GC-MS and IC were used to detect the byproducts. Phenol, 4-chloro-2-aminophenol, 4-methylphenol, and 4-chloro-2-nitrophenol were detected in the case of argon. 1, 2, 4-benzenetriol and 4-chloro-2-nitrophenol were identified in the cases of air or oxygen discharges. Concentrations of these byproducts are too small to be determined quantitatively and they disappear in less than 20 min of discharge. Figure 10 shows the information of the ionic byproducts determined by IC.
As indicated in figure 10 , SO , -HCOOH, CH 3 COOH, and HOOCCOOH were formed. SO 4 2-originated from the -SO 3 H of the molecule. NO 3 -was generated from the destruction of the azo bond. It is noted that the concentration of NO 3 -is particularly high when air acts as the discharge gas. This is because that the nitrogen in the air is ; pH 0 , 6.8; solution volume, 150 mL). ; solution volume, 150 mL). Table 2 . Kinetic parameters of brilliant red B decolorization (conditions identical to those in figure 9 ).
Discharge gas η at 10 min k 1 (min −1 ) R transformed into nitric acid, which is in accordance with the pH and conductivity measurements (c.f. 3.4). The organic acids are the results of the oxidation of the carbon atoms of the parent molecule. They disappeared with the progress of the discharge.
Conclusions
In the present study, a simple gas-liquid diaphragm discharge reactor was designed and characteristics of the discharge and its application on decolorization of brilliant red B in an aqueous solution were investigated. The following conclusions can be drawn:
(1) ·OH and ·O were generated with gas-liquid diaphragm discharge, and H 2 O 2 formed in the liquid as the result of the combination reaction of ·OH radicals. ; pH 0 , 6.0; conductivity, 50.0 μS cm −1 ; solution volume, 150 mL).
